Some features of radiation-sensitive and radiation-resistant mutants of Haemophilus influenzae Rd have been reported in previous papers (3, 4) . These mutants have been isolated and studied with the intent of enhancing our understanding of the photobiology of Haemophilus. Relative to the wild type, a culture of the resistant mutant forms more colonies after exposure to ultraviolet (UV) light and after high doses of X-irradiation. Both the wild-type and mutant strains reactivate irradiated phage and transforming deoxyribonucleic acid (DNA), indicating similar capabilities for repairing UV-damaged DNA (4) . The most significant difference we have observed between the resistant mutant and parental strain is that the latter undergoes postirradiation cell lysis, whereas the mutant fails to exhibit this response. With respect to the lytic response, the wild-type strain, Rd, has been phenotypically designated Lyt+ and the resistant variant, BC200, as Lyt-. A sensitive mutant, BC100, also exhibits post-UV-irradiation cell lysis (Lyt+) but differs from the wild type in its lack of a DNA-repair capability.
Data presented in this paper support our hypothesis that postirradiation cell lysis of H. influenzae occurs as a result of damage incurred by the bacterial chromosome and that this response is a genetically determined characteristic of the organism. The sensitivity of H. influenzae to UV light is due to at least two factors. One is the limitation in excision-repair of DNA damage, and a second is cell lysis probably brought about by derepression of defective prophage (5), the net result of which is the loss of cells which might have otherwise survived irradiation because of DNA-repair capabilities.
MATERIALS AND METHODS
Bacteria. H. influenzae strain Rd was originally isolated by Alexander and Leidy (1) , and strains BCIOO and BC200 were derived from Rd (3). The Rd stock was obtained from Roger M. Herriott in 1964 and has since been cultured in brain heart medium and stored frozen in 15% glycerol (v/v) at -85 C.
Media. Cells were grown in brain heart medium (BH medium): 3.0% Difco Brain Heart Infusion, 2.0,ug of nicotinamide adenine dinucleotide (NAD) per ml, and 10 ,ug of hemin per ml. Solid medium was prepared by adding NAD and hemin as above to 3.0% Brain Heart Agar (1.25% agar).
Turbidity measurement. Cultures were grown in 500-mI Bellco nephelo flasks with a side arm (25 by 130 mm). Optical densities were read in the side arms of these flasks at 650 nm in a Coleman Junior spectrophotometer.
Ultraviolet irradiation. The UV source was either an unfiltered General Electric 15-or 30-w germicidal lamp. Determination of incident dose rates and irradiation of cells were performed as previously described (4).
Microscopic observations. Cultures were examined for altered cell forms by phase-contrast microscopy of wet preparations. A Zeiss binocular microscope was used for all observations.
RESULTS
Inactivation of colony-forming ability. Curves describing UV inactivation of colony-forming ability are shown in Fig. 1 that for the mutant strain, BC200. By using the evidence of Alper and Hodgkins (2), this difference argues against the resistant variant arising from a mutation which would increase the probability of a potentially damaging photoproduct being removed or altered to a less damaging form. Such a mutation would be expected to give a survival curve similar to the wild type and superimposable upon it if modified by some constant factor (2) . Conversely, it can be stated that the wild type is not more sensitive because of a potentially lethal photoproduct having a greater probability of remaining in a damaging form. A comparison of survivals for Rd and the sensitive4nutant, BC100, shows that these curves do have similar shapes and are, in fact, superimposable if the data for BC100 are multiplied by a factor of 13. This favors the interpretation that sensitive variants probably have a deficiency preventing the removal or alteration of a photoproduct (2) . This interpretation of the BC100, Rd, and BC200 survival curves happens to be compatible with the host cell reactivation (HCR; reference 3), and competent cell reactivation (CCR; reference 4), capabilities of these strains, i.e., BC100 << Rd = BC200.
Excision of thymine-containing dimers. H. influenzae strain Rd is capable of excising UV photoproducts (14) and completing the steps in dark repair (3, 13, 14) . Radiation-sensitive mutants of Haemophilus have been reported which are altered in one or more steps in excision repair (3, 4, 13, 14) . Data presented in Table I show that the sensitive mutant, BC100, does not have the capability of the parental wild type, Rd, for removing thymine-containing dimers. This mutant is also deficient in HCR of irradiated phage, and Barnhart and Cox (4) have shown that cultures which are transformable, although less competent than Rd, have reduced abilities for CCR of UV-damaged transforming DNA. Thus, it may be concluded that BCIOO is an UV-sensitive variant largely because of a defective excision-repair system. The mutant strain, BC200, displays a greater resistance to UV inactivation of colony-forming ability ( Fig. 1 ), but the data in Table 1 show that it does not have an enhanced capability relative to the wild type for removing pyrimidine dimers from its UV-damaged DNA. In addition, it has been shown that this mutant has the same HCR and CCR capabilities as the wild type (4). It appears, then, that strain Rd displays a greater sensitivity to UV than is indicated by its DNArepair capability.
UV-induced cell lysis. To survive UV irradiation, bacteria either circumvent damaged regions of the chromosome (10) or repair that damage (6, 9, 11) . However, survival in terms of being able to form a colony requires that the irradiated cell remain intact for at least one generation, e.g., assuming that after one division a daughter cell may be a colony-former even if the parent cell is not. For H. influenzae the postirradiation situation is one in which cells are excising photoproducts and repairing UV damage, but many cells do not survive because of loss of the cell's integrity by cell lysis (4, 17) .
The data in Fig. 2 The sensitive mutant, BC100, shows greater sensitivity not only to inactivation of colonyforming ability (Fig. 1 ) but also to UV-induced lysis as shown in Fig. 2 . The dose modification factor for lysis is 15 to 17, which is in close agreement with a factor of 13 for inactivation of colony-forming ability. The results suggest that the increased UV sensitivity of BC100 with respect to colony-forming ability and cell lysis is due to mutation of a common genetic determinant, one which results in an increased probability that UV lesions will be damaging. To extend this thinking one step further, it appears that the excision-repair mechanism (of Rd) prevents the lytic response. Although the excisiondeficient mutant, BCIOO, already exhibits maximal lysis after a dose of 6 ergs/mm2, Rd which is excision-proficient shows very little lysis even at a dose of 26 ergs/mm2. Extracellular lytic activity. UV irradiation induces lysis of bacteria which are lysogenic (8 Results in Fig. 3 show that lytic activity in supernatant fractions of lysed Rd cultures is sensitive to heating in a water bath at 92 C for 10 min and is destroyed by a 30-min incubation with 500 j,g of trypsin per ml. Addition of soybean trypsin inhibitor had no effect on the lytic activity, and preincubation of trypsin with soybean inhibitor abolished the capacity of the protease to inactivate lytic activity. These results indicate the release of a lytic protein into the medium following UV irradiation of a log-phase culture. No activity could be detected in cell-free homogenates of either unirradiated Rd and BC100 cultures or nonlysing BC200 whether or not the culture had been irradiated ( Table 2) . Lytic activity has never been detected in homogenates of nonlysing cultures, but it has been present in all cultures (homogenates) which subsequently (4) showing negation of the lytic response as a result of a liquid-holding procedure, indicating repair of the damage responsible for lysis. Data in Table 2 show that, if CAP is added to Rd and BC100 before irradiation and the cells are subsequently irradiated and incubated in the presence of the inhibitor, no lytic protein is detectable. Removal of CAP by washing permitted BCIOO to synthesize the protein and to lyse, whereas neither lytic activity nor lysis was detectable in Rd cultures.
DISCUSSION
The survival of UV-irradiated cultures of H. influenzae Rd is determined by at least two responses: (i) excision repair ability and (ii) UVinduced cell lysis. The former is known to be genetically determined, since mutants lacking all or some repair ability have been reported (3, 4, 13, 14) . Furthermore, UV-irradiated transforming DNA from the parental wild type shows reduced transforming activity of the uvr marker when transformation of an UV-sensitive mutant to wild-type resistance is assayed (4). That postirradiation cell lysis is gene-controlled is supported by the isolation of a mutant which does not lyse and by the finding that a lower dose of UV causes lysis of the UV-sensitive variant, BC100, which is incapable of excising thymine dimers. In addition, the lytic response of Rd but not that of BC100 can be reduced, if not abolished, by a liquid-holding procedure in nongrowth conditions which also permit enhanced survival of Rd (3) but not of BC100, as measured by colonyforming ability.
Post-UV-irradiation protein synthesis is required for the lytic response. Addition of CAP to liquid cultures up to 45 min after irradiation prevents lysis, addition at 60 min permits some lysis to occur, and, at 75 min, lysis is unaffected. the antibiotic, the cultures exhibit less lysis than expected from the UV dose administered. Lysis is permanently inhibited if the excision-proficient strain Rd is both irradiated and subsequently incubated in CAP for 2 hr even though the CAP block is removed after that time by washing. The excision-deficient mutant again does not lyse in the presence of CAP; however, after its removal lysis ensues. These results suggest a correction or repair by Rd of the UV-damage which would normally lead to lysis during either the CAP incubation period or the lag in growth after CAP removal.
Lysis results in cellular release of a lytic factor which is protein in nature. Lytic activity is detectable in irradiated cultures of Rd at 60 min post-UV-irradiation but is not detectable if CAP has been added before that time. Lytic activity is apparently the result of de novo protein synthesis initiated 45 to 60 min after irradiation. The lytic factor causes lysis of unirradiated EDTA-treated Rd, BC100, and BC200 cells, but no lysis results if the factor is first heated in a water bath at 92 C or is incubated with 500 ,tg of trypsin per ml. Lysis of EDTA-treated cells by lytic factor is prevented in 2 M sucrose. Microscopic examination reveals a rounding-up of these cells indicative of a loss in cell wall rigidity. Dilution from sucrose or resuspension into water results in lysis. It is concluded that the lytic factor is a lysozyme-like enzyme which acts on cell wall components. Kinetic measurements of cell lysis (Fig. 3) indicate a rough proportionality to lytic activity. These kinetics are not strictly reproducible but are accurate enough to permit a convenient assay for what appears to be a lytic enzyme.
Although Rd and the UV-sensitive mutant undergo lysis, the UV-resistant mutant, BC200, does not exhibit this response; however, BC200 is lysed by lytic activity from Rd cultures, showing that this mutant is not resistant to lysis because of a lack of appropriate substrate sites for the lytic enzyme. No lytic activity can be found in the supernatant fluid of irradiated cultures of BC200 or in lysates of mechanically ruptured cells. Thus, it appears that, as we suggested earlier (4), the UV-resistant mutant fails to lyse because of the lack of induction of processes leading to synthesis of a lytic protein as occurs in the wild type, Rd. UV-induced lysis of H. influenzae probably results from induction of a defective prophage.
Although irradiated cultures lyse, no infectious phage particles are detectable. However, a lytic enzyme appears 45 min after irradiation in cultures of Rd. lHarm and Rupert (6) reported that UV-irradiated cultures of strain Rd lysogenic for phage HP1 or HPlcl exhibited visible lysis after about 90 min. Although the defective phage alluded to here may not have precisely the same latent period as HPIcl phage, initiation of lytic enzyme synthesis after 45 min probably places this event about one-half to two-thirds of the way through a latent period. This is in line with the findings of Mukai et al. [cited by Stent (16) ], who reported that the lysozyme of T4-infected bacteria is not among the early proteins but starts to make its appearance only half-way through the latent period.
Stachura et al. (15) have recently published electron micrographs of irradiated Rd, showing phage particles devoid of DNA in the cell cytoplasm. These photographs lend support to our conclusion that H. influenzae Rd is a defective lysogenic strain and that UV irradiation causes cell lysis with reduced survival as a result of induction of a defective prophage.
